As roll angle measurement is essential for two-dimensional course correction fuze (2-D CCF) technology, a real-time estimation of roll angle of spinning projectile by single-axis magnetometer is studied. Based on the measurement model, a second-order frequency-locked loop (FLL)-assisted third-order phase-locked loop (PLL) is designed to obtain rolling information from magnetic signals, which is less dependent on the amplitude and able to reduce effect from geomagnetic blind area. Method of parameters optimization of tracking loop is discussed in the circumstance of different speed and it is verified by six degrees of freedom (six degrees of freedom (DoF)) trajectory. Also, the measurement error is analyzed to improve the accuracy of designed system. At last, experiments on rotary table are carried out to validate the proposed method indicating the designed system is able to track both phase and speed accurately and stably. The standard deviation (SD) of phase error is no more than 3 • .
Introduction
The research on smart ammunitions has long been a popular subject for the conventional uncontrolled projectiles cannot satisfy the requirements of modern warfare, high efficiency, accuracy, as well as low cost and collateral damage [1, 2] . Thus, recent decades have witnessed the emergence of various intelligent weapons, such as terminal sensitive projectile [3] , precision-guided munition [4] , loitering munition [5] , networked munition [6] , intelligent munitions system [7] , and trajectory correction projectile [8] .
Among these developed technologies, the trajectory correction projectile is based on the transformation of conventional spinning projectiles through trajectory correction fuze (CCF). It can not only improve the precision but also be of great significance for destocking of dumb ones. There are two types of CCF: one-dimension CCF (1-D CCF) [9] and two-dimension CCF (2-D CCF) [10] . The technology of 1D-CCF (omnidirectional antenna is applied in the Global Navigation Satellite System (GNSS) receivers of 1-D CCF to obtain the position and velocity) is now mature enough to be equipped in the army force worldwide, but has limited precision for correcting the course in the longitudinal direction only.
2-D CCF minimizes impact point dispersion better than 1-D CCF because it is able to correct both longitudinal and lateral errors by fixed canard; the real-time estimation of the spinning projectile roll angle is key to control the fixed canards to provide deflection command.
However, under the firing circumstance of high-g (≥ 12,000 g) and high spin (≥ 10 Hz), it is a challenge for sensors to measure the spinning information, roll angle, and rotational speed. There are D points downward along the ellipsoid normal [26] . As shown in the Figure 1 , elements to describe the field are as follows. where, f is the geomagnetic vector and f is the total field intensity; h is horizontal component of total vector; D is declination, the angle between h and north, and positive when east; I is inclination, the angle between total vector f and horizontal plane, positive when downward; 
Mathematical Model
From the analysis on (3), the mathematical relationship between roll angle and projection of geomagnetic vector into cross-section of projectile is presented as 
where, From the analysis on (3), the mathematical relationship between roll angle and projection of geomagnetic vector into cross-section of projectile is presented as
where, w = |f north | sin ψ − |f east | cos ψ In Equation (4), ε is the compensation angle, and it is the difference between phase angle of B Z and ϕ. Moreover, it is irrelevant with total field intensity |f| but depends on the D, I and ψ, θ.
When the rotation reverses, ϕ = −ϕ and ε = π − ε, Equation (4) is presented as
Similarly, one can also get the relationship between roll angle and B Y from (3) through the derivation above:
When the total field is 500 mGs, declination is 59.263 • , inclination is −6.8285 • , pitch is 18 • , yaw is 100 • , and rotational speed is 20 Hz, the sinusoidal signals and roll angle are shown in Figure 3 . 
In Equation (4), ε is the compensation angle, and it is the difference between phase angle of Z B and ϕ. Moreover, it is irrelevant with total field intensity f but depends on the D, I and ψ , θ . When the rotation reverses, ϕ ϕ = − and ε π ε = − , Equation (4) is presented as 
When the total field is 500 mGs, declination is 59.263°, inclination is −6.8285°, pitch is 18°, yaw is 100°, and rotational speed is 20 Hz, the sinusoidal signals and roll angle are shown in Figure 3 . To make a conclusion, if one manages to extract the phase information of Z B (or Y ) B in (4) (or (9) ) and figure out the compensation angle ε (or 1 ) ε which is independent on the amplitude of Z B ( Y ) B or the total intensity f , the roll angle ϕ will be obtained. To make a conclusion, if one manages to extract the phase information of B Z (or B Y ) in (4) (or (9)) and figure out the compensation angle ε (or ε 1 ) which is independent on the amplitude of B Z (B Y ) or the total intensity |f|, the roll angle ϕ will be obtained. 
Method to Obtain the Rolling Information
From analysis above, it is essential for obtaining roll angle to figure out the phase information of B Z . In this section, a tracking loop and frequency-locked loop (FLL)-assisted phase-locked loop (PLL) are designed to track the information necessary of magnetic signals.
Inspired by Deng and Shen proposing a first-order FLL-assisted second-order PLL to track GPS signals received by a single-patch antenna [14] , a combined loop filter, second-order FLL-assisted third-order PLL is designed to track magnetic signals for the spinning projectile rotates in the form of acceleration function (frequency changes in the form of ramp function). The whole process of obtaining roll angle from spinning projectile is shown in Figure 4 .
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From analysis above, it is essential for obtaining roll angle to figure out the phase information of Z .
B In this section, a tracking loop and frequency-locked loop (FLL)-assisted phase-locked loop (PLL) are designed to track the information necessary of magnetic signals.
Inspired by Deng and Shen proposing a first-order FLL-assisted second-order PLL to track GPS signals received by a single-patch antenna [14] , a combined loop filter, second-order FLL-assisted third-order PLL is designed to track magnetic signals for the spinning projectile rotates in the form of acceleration function (frequency changes in the form of ramp function). The whole process of obtaining roll angle from spinning projectile is shown in Figure 4 . In practice, initial speed obtained by FFT (fast Fourier transform) at the beginning of signals tracking is set as the initial frequency for NCO.
To optimize parameters of tracking loop to fit perfectly to kinds of range of rolling speed, amplitude-frequency response, transient response, and analysis of integration time are presented in following work. Then, the pitch, yaw, and rolling speed, based on six degrees of freedom (six DoF) trajectory, are set as the input of the tracking loop to test the system and analyze the performance.
Design of Tracking Loop
The phase-locked loop (PLL) is a kind of closed-loop control system. It obtains the information about the phase and frequency of the input through a numerically controlled oscillator (NCO) creating synchronous output [28] . In chapter 2, measurement model indicates that with the rotation of spinning projectile, the geomagnetic vector projecting on cross-section Z ( ) B changes in the form In practice, initial speed obtained by FFT (fast Fourier transform) at the beginning of signals tracking is set as the initial frequency for NCO.
The phase-locked loop (PLL) is a kind of closed-loop control system. It obtains the information about the phase and frequency of the input through a numerically controlled oscillator (NCO) creating synchronous output [28] . In chapter 2, measurement model indicates that with the rotation of spinning projectile, the geomagnetic vector projecting on cross-section (B Z ) changes in the form of sinewave, which is the input of PLL. PLL achieves the phase information of input by obtaining the frequency and phase of local signal from NCO.
As shown in Figure 5 , PLL consists of three parts, discriminator, loop filter, and NCO. It shows the output of NCO is fed back to the front, forming a closed loop control system. It also can be presented as the block diagram of FLL for the only difference between FLL and PLL is the discriminator, where arctangent discriminator [29] is applied in PLL to obtain the difference of phase, and cross-product frequency tracking [29] is applied in FLL to obtain the difference of frequency. of sinewave, which is the input of PLL. PLL achieves the phase information of input by obtaining the frequency and phase of local signal from NCO. As shown in Figure 5 , PLL consists of three parts, discriminator, loop filter, and NCO. It shows the output of NCO is fed back to the front, forming a closed loop control system. It also can be presented as the block diagram of FLL for the only difference between FLL and PLL is the discriminator, where arctangent discriminator [29] is applied in PLL to obtain the difference of phase, and cross-product frequency tracking [29] is applied in FLL to obtain the difference of frequency. 
where, ( ) F s is the transfer function of loop filter, d K and o K are the gain of discriminator and NCO, respectively. The gain of loop filter can be expressed as
PLL is able to track the target signals with low noise precisely, but the narrow bandwidth restricts its accuracy in high-dynamic situations. Furthermore, it does not work properly when tracking signals are with much noise. In contrasts, the FLL owns a comparatively wide bandwidth and good dynamic performance. However, FLL is applied to track frequency of signal and has less efficiency in obtaining phase information. To satisfy both accuracy and dynamic performance, a FLL-assisted PLL loop combining advantages of PLL and PLL was designed to track the target signals quickly and accurately.
What is shown in Figure 6 is the discrete time system of second-order FLL-assisted third-order PLL. The combined loop filter is the Z transform of ( ) F s in Figure 5 , which consists of p ( ) F s , a transfer function of third-order PLL, as well as f ( ) F s , transfer function of second-order FLL. Both frequency discriminator and phase discriminator in Figure 6 make up discriminator in Figure 5 . e p and e f are the outputs of discriminators input to second-order FLL and third-order PLL, respectively.
There are parameters to be determined to optimize system to keep good performance in different situations, which are roll T , unit delay (it is also the integration time of integrate and dump process in Figure 7 and discussed in chapter 4), damping ration ξ ( 2 = 2 a ξ ), natural frequency nf ω of second-order FLL as well as natural frequency np ω of third-order PLL. Details of the selection of parameters 3 a and 3 b can be found in "Understanding GPS: principles and ap plications, 2nd Ed" [29] . 
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What is shown in Figure 6 is the discrete time system of second-order FLL-assisted third-order PLL. The combined loop filter is the Z transform of F(s) in Figure 5 , which consists of F p (s), a transfer function of third-order PLL, as well as F f (s), transfer function of second-order FLL. Both frequency discriminator and phase discriminator in Figure 6 make up discriminator in Figure 5 . p e and f e are the outputs of discriminators input to second-order FLL and third-order PLL, respectively.
There are parameters to be determined to optimize system to keep good performance in different situations, which are T roll , unit delay (it is also the integration time of integrate and dump process in Figure 7 and discussed in chapter 4), damping ration ξ (a 2 = 2ξ), natural frequency ω nf of second-order FLL as well as natural frequency ω np of third-order PLL. Details of the selection of parameters a 3 and b 3 can be found in "Understanding GPS: principles and ap plications, 2nd Ed" [29] . According to Figure 6 , transfer functions of filter loops of third-order PLL and second-order FLL can be expressed as
According to Figure 5 and equation (10), the transfer function of the third-order PLL and second-order FLL can be expressed as 2  2  3  3 np  3 np  np  p  3  2  2  3  3 np  3 
According to Figures 5 and 6 , the diagram of discrete-time tracking system can be described as As shown in Figure 7 , the I/Q Demodulator [14, 29] is applied in the Costas Loop to assist discriminators to obtain the difference of phase and frequency ( e p and e f ) between input and According to Figure 6 , transfer functions of filter loops of third-order PLL and second-order FLL can be expressed as
According to Figure 5 and equation (10), the transfer function of the third-order PLL and second-order FLL can be expressed as
According to Figures 5 and 6 , the diagram of discrete-time tracking system can be described as According to Figure 6 , transfer functions of filter loops of third-order PLL and second-order FLL can be expressed as
According to Figure 5 and equation (10), the transfer function of the third-order PLL and second-order FLL can be expressed as 
According to Figures 5 and 6 , the diagram of discrete-time tracking system can be described as Figure 7 : As shown in Figure 7 , the I/Q Demodulator [14, 29] is applied in the Costas Loop to assist discriminators to obtain the difference of phase and frequency ( e p and e f ) between input and As shown in Figure 7 , the I/Q Demodulator [14, 29] is applied in the Costas Loop to assist discriminators to obtain the difference of phase and frequency (p e and f e ) between input and output. B z is the input of tracking system which exports u o . Phase information obtained by reading u o , then with calculation of compensation angle ε, ϕ can be figured out.
Analysis of Performance and Parameters Optimized
Obviously, analysis of performance and parameters optimization starts from the premise that tracking system is capable of tracking signal originated from spinning projectile rotating in the form of acceleration function. Thus, analysis of steady-state error will be presented at first.
According to Figure 5 , and (10), the difference between u o (s) and u i (s) is described as 
thus,
From analysis above, the designed third-order PLL is capable of tracking the phase signal changing in the form of acceleration function. Similarly, the designed second-order FLL is able to track the frequency signal which changes in the form of ramp function.
According to (14) , the noise bandwidth of PLL, B PLL , is given by
ω np (19) where, f is the frequency and H p is the frequency response function of the third-order PLL. Referring to [29] , b 3 = 2.4, a 3 = 1.1 (20) As shown in Figure 8 , the amplitude-frequency characteristic and step response of PLL vary as B PLL changes:
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where, f is the frequency and p H is the frequency response function of the third-order PLL.
Referring to [29] ,
As shown in Figure 8 , the amplitude-frequency characteristic and step response of PLL vary as According to (15) , the noise bandwidth of FLL, B FLL , is given by
where, H F is the frequency response function of second-order FLL. The damping ratio ξ and noise bandwidth B FLL both determine the frequency at the −3 dB point, settling time, and overshoot, which is shown in Figure 9 . 
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(a) (b) Similar to PLL, the results of the amplitude-frequency and step response show that with the damping ratio ξ and noise bandwidth FLL B increased, the cut-off frequency becomes larger, and the overshoot and settling time become shorter. Influence of parameters on tracking system is shown in Table 1 . From the analysis above, one can make a conclusion that for the tracking system designed, the performance of amplitude-frequency contradicts the transient performance. For PLL, which ensures the tracking precision, amplitude-frequency performance plays a more important role. FLL in the combined tracking loop is designed to lock the frequency and pull the loop into phase-locking state as quickly as possible, therefore transient performance should be given priority.
Furthermore, choosing optimum damping = 0.707 ξ would optimize the two-order FLL to the greatest extent. Meanwhile, the selected noise bandwidths PLL B and FLL B should fit to different rotational speed which ranges from 3 Hz to 300 Hz. For the low speed, the selected noise bandwidth must enable the frequency at −3 dB point to be less than 3 Hz and for a higher rotational speed the noise bandwidth should be improved depending on the practice. Similar to PLL, the results of the amplitude-frequency and step response show that with the damping ratio ξ and noise bandwidth B FLL increased, the cut-off frequency becomes larger, and the overshoot and settling time become shorter.
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From the analysis above, one can make a conclusion that for the tracking system designed, the performance of amplitude-frequency contradicts the transient performance. For PLL, which ensures the tracking precision, amplitude-frequency performance plays a more important role. FLL in the combined tracking loop is designed to lock the frequency and pull the loop into phase-locking state as quickly as possible, therefore transient performance should be given priority.
Furthermore, choosing optimum damping ξ = 0.707 would optimize the two-order FLL to the greatest extent. Meanwhile, the selected noise bandwidths B PLL and B FLL should fit to different rotational speed which ranges from 3 Hz to 300 Hz. For the low speed, the selected noise bandwidth must enable the frequency at −3 dB point to be less than 3 Hz and for a higher rotational speed the noise bandwidth should be improved depending on the practice.
Besides, the integration time T roll in Figure 6 determines the accuracy of tracking to a large degree. Referring to [14, 29] , when T roll is five times longer than the period T of input or set as integer multiple of the T of input affect caused by high-frequency components can be eliminated.
In conclusion, how to select the optimal parameters for the designed tracking loop depends on both theoretical analysis and practice. Parameters determining the accuracy and transient performance should be balanced in different rotational speed. In the state of low rotational speed, parameters should be adjusted to give priority to amplitude-frequency characteristic as well as steady-state performance. The higher the rotational speed is, the more important the transient performance is. What is more, selection of parameters in PLL and FLL varies. The former focuses on accuracy and another focuses on transient response.
To verify the proposed method to optimize tracking system and show the details of how to select optimal parameters, a simulation based on 6-DoF trajectory is presented in the follows.
Model Verification Based on 6 DoF Trajectory
From the analysis above, the design and optimization of the tracking system depends on the frequency of input B Z to a large extent. In practice, the rotational speed of a spinning projectile is determined by the type of projectile and launching platform. Meanwhile, information of geomagnetic field can be obtained from WMM and IGRF mentioned in chapter 2 and yaw and pitch are given by GPS receivers (or other sensors) in this proposed technology. In this simulation, a 6-DoF trajectory [31] would provide information needed to verify the designed tracking loop.
Based on a 6-DoF trajectory, as shown in Figure 10a , of a 155 mm artillery projectile, the properties of which are listed in Table 2 , the designed tracking loop is applied to obtain the roll angle of spinning projectile based on the information of yaw and pitch (obtained from GPS in practice) is shown in Figure 10b . Table 2 also provides the details of geomagnetic field (assuming that declination and inclination changes slightly in the range of howitzer). Figure 11a shows the change of amplitude of during flight, while Figure 11b shows the amplitude changing within 0.03 second.
both theoretical analysis and practice. Parameters determining the accuracy and transient performance should be balanced in different rotational speed. In the state of low rotational speed, parameters should be adjusted to give priority to amplitude-frequency characteristic as well as steady-state performance. The higher the rotational speed is, the more important the transient performance is. What is more, selection of parameters in PLL and FLL varies. The former focuses on accuracy and another focuses on transient response.
From the analysis above, the design and optimization of the tracking system depends on the frequency of input Z B to a large extent. In practice, the rotational speed of a spinning projectile is determined by the type of projectile and launching platform. Meanwhile, information of geomagnetic field can be obtained from WMM and IGRF mentioned in chapter 2 and yaw and pitch are given by GPS receivers (or other sensors) in this proposed technology. In this simulation, a 6-DoF trajectory [31] would provide information needed to verify the designed tracking loop. Based on a 6-DoF trajectory, as shown in Figure 10a , of a 155 mm artillery projectile, the properties of which are listed in Table 2 , the designed tracking loop is applied to obtain the roll angle of spinning projectile based on the information of yaw and pitch (obtained from GPS in practice) is shown in Figure 10b . Table 2 also provides the details of geomagnetic field (assuming that declination and inclination changes slightly in the range of howitzer). Figure 11a shows the change of amplitude of during flight, while Figure 11b shows the amplitude changing within 0.03 second. From Figure 10b , yaw varies (from 0° to 4°) slighter than pitch (from 50° to −67°), and the rotational speed drops from 300 Hz to 134 Hz in the form of acceleration function. Figure 11 indicates that in flight, amplitude of Z B changes in the form of sinewave along with the change of pitch and yaw. Based on (14), (15), (20) , and = 0 .707 ξ , noise bandwidth-PLL B and FLL B -are two parameters to be determined to optimize the 2-order FLL-assisted 3-order PLL tracking loop. From Figures 8  and 9 it can be seen that the frequency at 3 dB attenuation increases with the raising of noise bandwidth. For the tracking accuracy, the cut-off frequency has to be not less than the lowest spinning speed (3Hz). However, with a higher range of rotational speed, the cut-off frequency can be improved slightly at the aim of a quick transient response especially for FLL. Thus, in the circumstance of spinning speed dropping from 300 Hz to 134 Hz, the PLL B is set as 0.65 and FLL B is set as 0.7, which also indicates that transient performance is prior to steady-state performance in FLL. Meanwhile, the period of input signal is from 3.33 ms to 7.46 ms. Based on the analysis, integration time roll T should be five times more than T to ensure tracking accuracy, it is set as 40 ms.
Therefore, based on the 6-DoF trajectory above, the optimized parameters are listed at Table 3 . Table 3 . Optimized parameters. After optimization of the designed system, the tacking results are given as follows. Figure 12 shows the tracking results. There are amplitude of input Z B and output of tracking system, the phase of tracking signals, phase discriminator output, as well as error of phase tracking.
Type of Projectile
(a) indicates that the output of tracking system tracks the input well. (b) shows that phase of output changes from 0° to 360°, which means the phase of Z B gets locked stably, and (d) describes the error of phase tracking, which proves an excellent tracking performance of system designed: phase error between input and output gets steady within 3 seconds and keeps within 3°, Average error is −0.0228° and standard deviation (SD) is 0.7868°, which indicates a stable phase tracking result. Figure 13 shows the tracking results of speed which verify a desirable speed tacking performance of designed system. Based on (14), (15), (20) , and ξ = 0.707, noise bandwidth-B PLL and B FLL -are two parameters to be determined to optimize the 2-order FLL-assisted 3-order PLL tracking loop. From Figures 8 and 9 it can be seen that the frequency at 3 dB attenuation increases with the raising of noise bandwidth. For the tracking accuracy, the cut-off frequency has to be not less than the lowest spinning speed (3Hz). However, with a higher range of rotational speed, the cut-off frequency can be improved slightly at the aim of a quick transient response especially for FLL. Thus, in the circumstance of spinning speed dropping from 300 Hz to 134 Hz, the B PLL is set as 0.65 and B FLL is set as 0.7, which also indicates that transient performance is prior to steady-state performance in FLL. Meanwhile, the period of input signal is from 3.33 ms to 7.46 ms. Based on the analysis, integration time T roll should be five times more than T to ensure tracking accuracy, it is set as 40 ms. Therefore, based on the 6-DoF trajectory above, the optimized parameters are listed at Table 3 . After optimization of the designed system, the tacking results are given as follows. Figure 12 shows the tracking results. There are amplitude of input B Z and output of tracking system, the phase of tracking signals, phase discriminator output, as well as error of phase tracking. (a) indicates that the output of tracking system tracks the input well. (b) shows that phase of output changes from 0 • to 360 • , which means the phase of B Z gets locked stably, and (d) describes the error of phase tracking, which proves an excellent tracking performance of system designed: phase error between input and output gets steady within 3 seconds and keeps within 3 • , Average error is −0.0228 • and standard deviation (SD) is 0.7868 • , which indicates a stable phase tracking result. Figure 13 shows the tracking results of speed which verify a desirable speed tacking performance of designed system. Figure 13a is the contrast between real one and tracking system and b indicates that error of speed tracking becomes steady after 10 seconds: average error is −0.034 Hz and SD is 0.067 Hz.
Thus, the way how to select optimal parameters of designed 2-order FLL-assisted 3-order PLL has been clearly explained through a 6-DoF trajectory model and the results of simulation show the designed system presents an excellent tracking performance in both phase (error less than 3 • ) and speed (error less than 0.1 Hz). Figure 13a is the contrast between real one and tracking system and b indicates that error of speed tracking becomes steady after 10 seconds: average error is −0.034 Hz and SD is 0.067 Hz.
Thus, the way how to select optimal parameters of designed 2-order FLL-assisted 3-order PLL has been clearly explained through a 6-DoF trajectory model and the results of simulation show the designed system presents an excellent tracking performance in both phase (error less than 3°) and speed (error less than 0.1 Hz)
Error Analysis
From the analysis in chapter 2 and chapter 3, real-time estimation of roll angle is based on obtaining the phase information of sinusoidal signal induced by geomagnetic vector projecting on projectile in the rotary state through 2-order FLL-assisted 3-order PLL tracking system as well as the calculation of compensation angle. Therefore, the error of this method originates from the phase Figure 13a is the contrast between real one and tracking system and b indicates that error of speed tracking becomes steady after 10 seconds: average error is −0.034 Hz and SD is 0.067 Hz.
From the analysis in chapter 2 and chapter 3, real-time estimation of roll angle is based on obtaining the phase information of sinusoidal signal induced by geomagnetic vector projecting on projectile in the rotary state through 2-order FLL-assisted 3-order PLL tracking system as well as the calculation of compensation angle. Therefore, the error of this method originates from the phase 
From the analysis in chapter 2 and chapter 3, real-time estimation of roll angle is based on obtaining the phase information of sinusoidal signal induced by geomagnetic vector projecting on projectile in the rotary state through 2-order FLL-assisted 3-order PLL tracking system as well as the calculation of compensation angle. Therefore, the error of this method originates from the phase tracking loop, compensation angle, as well as blind area [22] , in which the X-axis of the projectile is parallel to the geomagnetic vector and there is no projection on cross-section leading to the input of tracking loop is zero. Additionally, blind area has less effect on compensation angle for compensation angle is irrelevant with total intensity according to (5) (6) (7) . All these three error sources will be discussed in this chapter.
Error Analysis of Tracking Loop
Measurement error of tracking loop is from both third-order PLL and second-order FLL. For a general PLL, the error resource mainly comes from dynamic stress error and phase jitter including thermal noise σ tPLL , oscillator jitter σ v , and Allan deviation σ A related with the frequency of input signal [29] .
For a third-order PLL, the dynamic stress error is given by
where, ϕ p is the phase of B Z and in the circumstance of the projectile rotating in the form of acceleration, d 2 ϕ p /dt 2 is the phase acceleration of B Z , and d 3 ϕ p /dt 3 = 0, corresponding to the analysis of steady-state error e ss (∞) in chapter 3.
Owing to frequency of B Z being no more than 400 Hz, phase error caused by σ v and σ A is too small so that they can be ignored. The thermal noise σ tPLL can be expressed as
where, B PLL is the noise bandwidth, C/N 0 is carrier-to-noise ratio (Hz), and T roll is integration time.
According to (23) , effects from σ tPLL can be reduced by decreasing noise bandwidth B PLL and increasing C/N 0 as well as T roll . Thus, tracking error of PLL depends on the phase jitter caused by thermal noise σ tPLL to a large degree. According to the rule of thumb for tracking threshold [29] , only in the condition that 3-sigma jitter is no more than one fourth of the pull-in range of PLL discriminator could PLL track input signal constantly and stably. For example, for a four-quadrant arctangent discriminator, the pull-in range of phase discriminator is 360 • and the tracking threshold of PLL should satisfy 3σ tPLL ≤ 90
Similarly, for a pure FLL, tracking error in this designed system mainly consists of frequency jitter caused by thermal noise σ tFLL expressed as
where, F = 1 when carrier-to-noise ratio C/N 0 reaches a high level and F = 2 when the C/N 0 is at a low level and loop tracking works near to threshold. Based on the rule of thumb for tracking threshold mentioned above, σ tFLL should satisfy 3σ tFLL ≤ 1 4T roll (26) In conclusion, the measurement error caused by PLL and FLL in this designed tracking loop mainly originates from phase jitter and frequency jitter in which thermal noise σ tPLL and σ tFLL account for the most. In order to eliminate this kind of error, the selection of parameters of noise bandwidth and integration time should meet the requirement that 3-sigma jitter is no more than one fourth of the pull-in range of discriminator.
Error From Compensation Angle
Based on analysis in chapter 2, and according to (1) and (4)- (7), the compensation angle ε is determined by geomagnetic information, inclination I and declination D, attitude of projectile, and pitch θ and yaw ψ (given by GPS receiver or other sensors in practice). In this part, they will be discussed.
Generally, the range of a howitzer is~30 km, in which the declination and inclination changing slightly has little effect on the compensation angle except for some special locations such as the north pole and south pole.
Take some place O L in Beijing as a launching site, the declination and inclination of which are −6.8997 • and 59.3551 • , respectively. Based on the pitch angle of 6-DoF trajectory (shown in Figure 10b ), azimuth at launch are set as 0 • , 90 • , 180 • , and 270 • , respectively. Then, compare the compensation angle based on original geomagnetic information of launching site O L and compensation angle based on updated information. N 6 , E 6 , S 6 , and W 6 are locations 30 km away from launching site in north, east, south, and west direction, respectively. In the north, geomagnetic information is updated at sites N j (j = 1, 2, 3, 4, 5), locations between O L and N 6 , and they are 5 km from each other, and so are E j (j = 1, 2, 3, 4, 5), S j (j = 1, 2, 3, 4, 5), and W j (j = 1, 2, 3, 4, 5). All the data mentioned above come from [25, 27, 32, 33] .
The results of comparison of compensation angle are shown as follows. Figures 14 and 15 show that in the range of 30 km; the change of declination and inclination has little effect on the compensation angle. In the direction of east, south, and west, the deviation is within 0.15 • . However, in the north direction, the compensation angle changes dramatically at the last 5 km which results in a comparatively large deviation 3.5 • . It also indicates that deviation depends on the attitude of projectile in flight.
Based on analysis in chapter 2, and according to (1) and (4)
Generally, the range of a howitzer is ~30 km, in which the declination and inclination changing slightly has little effect on the compensation angle except for some special locations such as the north pole and south pole.
Take some place L O in Beijing as a launching site, the declination and inclination of which are −6.8997° and 59.3551°, respectively. Based on the pitch angle of 6-DoF trajectory (shown in Figure 10b ), azimuth at launch are set as 0°, 90°, 180°, and 270°, respectively. Then, compare the compensation angle based on original geomagnetic information of launching site L O and compensation angle based on updated information. Figures 14 and 15 show that in the range of 30 km; the change of declination and inclination has little effect on the compensation angle. In the direction of east, south, and west, the deviation is within 0.15°. However, in the north direction, the compensation angle changes dramatically at the last 5 km which results in a comparatively large deviation 3.5°. It also indicates that deviation depends on the attitude of projectile in flight. Analysis of deviation of compensation angle caused by different geomagnetic information is shown as follows.
Thus, if the accuracy of compensation angle cannot meet the requirements such as situation in north direction mentioned above, the information of geomagnetic field should be stored in advance and be exported to the tracking system to figure out compensation angle timely according to the location provided by GPS receiver. Thus, if the accuracy of compensation angle cannot meet the requirements such as situation in north direction mentioned above, the information of geomagnetic field should be stored in advance and be exported to the tracking system to figure out compensation angle timely according to the location provided by GPS receiver.
Yaw and pitch are given by GPS receiver (or by other sensors), and analysis of error from pitch and yaw is as follows.
Based on the attitude information from the 6-DoF trajectory mentioned above and the geomagnetic information of location L O , compensation angle obtained from the attitude information with and without noise are to be compared in the circumstance of different yaw angles at the launch site.
Shown in Figure 16 , SD and mean of deviation rise with the increasing SD of noise in each launching direction. This indicates that when the SD of noise of pitch and yaw is less than 5°, the mean and SD of deviation are approximately 0.5° and 6°, respectively. However, there are comparatively undesirable results in the north (yaw is 0°) and south (yaw is 180°) direction. When the SD of noise is 5° the SD of deviation reaches 16° and 14° in the north and south, respectively. Yaw and pitch are given by GPS receiver (or by other sensors), and analysis of error from pitch and yaw is as follows.
Based on the attitude information from the 6-DoF trajectory mentioned above and the geomagnetic information of location O L , compensation angle obtained from the attitude information with and without noise are to be compared in the circumstance of different yaw angles at the launch site.
Shown in Figure 16 , SD and mean of deviation rise with the increasing SD of noise in each launching direction. This indicates that when the SD of noise of pitch and yaw is less than 5 • , the mean and SD of deviation are approximately 0.5 • and 6 • , respectively. However, there are comparatively undesirable results in the north (yaw is 0 • ) and south (yaw is 180 • ) direction. When the SD of noise is 5 • the SD of deviation reaches 16 • and 14 • in the north and south, respectively. Figure 17 describes the change of compensation angle and deviation of compensation angle when the SD of noise of yaw and pitch is 3 • . When the yaw is 0 • (shown in (a) and (b)), the deviation increases in the last 10 s; when the yaw is 180 • (shown in (c) and (d)) the deviation is comparatively large at first and then converges till the end. Figure 18 ), the compensation angle is influenced by the noise to a large degree. Moreover, for course correction is conducted at the terminal part of trajectory, large deviation in the previous part (when yaw is 180 • shown in Figure 17a ,b) has less effect on the guidance and control. In practice, attitude of projectile keeps changing in flight so that period of large deviation would not last as long as what is shown in Figure 17 .
To conclude, in the range of howitzer, the change of geomagnetic information has less effect on the compensation angle. Deviation caused by it is less than 0.15 • . Meanwhile, SD of noise from pitch and yaw should be less than 5 • so that SD of deviation of compensation keep within 6 • . Large deviation caused by certain azimuth will be discussed in detail next.
Error Caused by Geomagnetic Blind Area
The geomagnetic blind area is another factor determining the error of roll angle measurement. Shown in Figure 18 , during the flight, when the X-axis is parallel to geomagnetic vector f, B Z , the projection of f onto Z b , is going to be zero or extremely small [22] . The range of the blind area depends on the location and attitude of projectile in flight. Figure 18 ), the compensation angle is influenced by the noise to a large degree. Moreover, for course correction is conducted at the terminal part of trajectory, large deviation in the previous part (when yaw is 180° shown in Figure 17a ,b) has less effect on the guidance and control. In practice, attitude of projectile keeps changing in flight so that period of large deviation would not last as long as what is shown in Figure 17 . To conclude, in the range of howitzer, the change of geomagnetic information has less effect on the compensation angle. Deviation caused by it is less than 0.15°. Meanwhile, SD of noise from pitch and yaw should be less than 5° so that SD of deviation of compensation keep within 6°. Large deviation caused by certain azimuth will be discussed in detail next.
The geomagnetic blind area is another factor determining the error of roll angle measurement. Shown in Figure 18 , during the flight, when the X-axis is parallel to geomagnetic vector f , Z B , the projection of f onto b Z , is going to be zero or extremely small [22] . The range of the blind area depends on the location and attitude of projectile in flight. Figure 18 describes the cross-section of projectile and the geomagnetic vector. p h is the projection of f on cross-section; η is the angle between X-axis and vector f ; ϕ is the roll angle; and α is the angle between p h and downward direction (Z-axis of NED coordinate). Thus, Z B in (2.5) can be also described as
Referring to Zhang [24] , there is a certain range of roll angle defined as the blind area of roll angle in which the detection module cannot satisfy the expected accuracy. It is determined by f , the total intensity of local field; ϕ Δ , the expected precision of roll angle; η , the angle between X-axis and f ; λ , resolution of magnetoresistive sensor selected. The blind area of roll angle is in the range of [24] sin( ) sin λ α ϕ γ η + < Δ f (28) in which the sensor is not able to detect the weak signals.
Thus, only when ϕ satisfies Figure 18 . Cross-section and geomagnetic vector. Figure 18 describes the cross-section of projectile and the geomagnetic vector. h p is the projection of f on cross-section; η is the angle between X-axis and vector f; ϕ is the roll angle; and α is the angle between h p and downward direction (Z-axis of NED coordinate). Thus, B Z in (2.5) can be also described as B Z = |f| sin η cos(α + ϕ) (27) Referring to Zhang [24] , there is a certain range of roll angle defined as the blind area of roll angle in which the detection module cannot satisfy the expected accuracy. It is determined by f, the total intensity of local field; ∆ϕ, the expected precision of roll angle; η, the angle between X-axis and f; λ, resolution of magnetoresistive sensor selected. The blind area of roll angle is in the range of [24] |sin(α + ϕ)| < λ ∆γ|f| sin η (28) in which the sensor is not able to detect the weak signals. Thus, only when ϕ satisfies
could the tracking loop obtain the rolling information satisfying the expected accuracy.
One can make a conclusion that to reduce the effects from blind area, in the selection of sensor, more consideration should be given to the resolution to reduce λ. Meanwhile, ϕ is determined by the attitude of projectile and local geomagnetic information. The period of blind area would not last too long for attitude keeps changing in flight. Furthermore, the tracking loop enables the measurement system to regain rolling information after tracking loop unlocked for the weak signals.
Experiments Validation on a Rotary Table
Experiments on a rotary table are carried out to verify the proposed method and analyze the accuracy. In this chapter, experiment scheme, the design of hardware, procedure, result, and analysis will be presented.
Description of Experiment
The experiment is carried out on an open ground (the same position with [14] ) which is shown in Figure 19 . could the tracking loop obtain the rolling information satisfying the expected accuracy. One can make a conclusion that to reduce the effects from blind area, in the selection of sensor, more consideration should be given to the resolution to reduce λ . Meanwhile, ϕ is determined by the attitude of projectile and local geomagnetic information. The period of blind area would not last too long for attitude keeps changing in flight. Furthermore, the tracking loop enables the measurement system to regain rolling information after tracking loop unlocked for the weak signals.
Experiments Validation on a Rotary Table
Description of Experiment
The experiment is carried out on an open ground (the same position with [14] ) which is shown in Figure 19 . The rotation of fake projectile is driven by motor controlled by inverter. Pitch and yaw is adjusted by the platform to simulate flight situation. There is a magnetoresistive sensor mounted at the top of fake projectile to detect the change of magnetic signals in rotary motion. Meanwhile, a hall sensor mounted on the side cylinder and a magnet mounted fixed below the cylinder, every time the hall sensor gets close to magnet (pointing to downward) in rotation it can produce a pulse to provide the reference to validate the phase information from tracking loop designed through magnetic signals.
Also, before rotation, magnetic and attitude information need to be initialized from PC through serial port.
All those data created in the process during rotation is recorded and stored in memory module, which will be transmitted to PC by USB serial at last. Figure 20 shows the components of designed integrated circuit which consists of power supply module, detection module to detect magnetic signal, signal conditioning module, control unit, storage module, as well as hall sensor to provide reference. The rotation of fake projectile is driven by motor controlled by inverter. Pitch and yaw is adjusted by the platform to simulate flight situation. There is a magnetoresistive sensor mounted at the top of fake projectile to detect the change of magnetic signals in rotary motion. Meanwhile, a hall sensor mounted on the side cylinder and a magnet mounted fixed below the cylinder, every time the hall sensor gets close to magnet (pointing to downward) in rotation it can produce a pulse to provide the reference to validate the phase information from tracking loop designed through magnetic signals.
Design of Hardware
All those data created in the process during rotation is recorded and stored in memory module, which will be transmitted to PC by USB serial at last. Figure 20 shows the components of designed integrated circuit which consists of power supply module, detection module to detect magnetic signal, signal conditioning module, control unit, storage module, as well as hall sensor to provide reference. There are two chips to record digital information (such as roll angle, amplitude of Z B , and speed) and analog information, pulse produced by a hall sensor and control unit, respectively. Storage of the former is 4 MB, and in the situation where sampling frequency is 1 kHz it is able to record data from controller continually for 33 min. The storage of the later is 2 MB, and in the situation where sampling frequency is 1 kHz it is able to record data continually for 33 min. Meanwhile, the storage module is connected to PC by RS-422 serial port and data are analyzed by MATLAB in PC after every operation.
In practice, the hall sensor and magnetic sensor are mounted to point in the same direction. Every time hall sensor points to downward and get close to magnet it will produce a pulse which could be the reference of pulse produced by control unit for the tracking loop enables the system to produce a pulse every time the magnetic sensor points to downward. That is the way how this experiment verifies the accuracy of roll angle measurement. There are two chips to record digital information (such as roll angle, amplitude of B Z , and speed) and analog information, pulse produced by a hall sensor and control unit, respectively. Storage of the former is 4 MB, and in the situation where sampling frequency is 1 kHz it is able to record data from controller continually for 33 min. The storage of the later is 2 MB, and in the situation where sampling frequency is 1 kHz it is able to record data continually for 33 min.
Operation of Experiments
Meanwhile, the storage module is connected to PC by RS-422 serial port and data are analyzed by MATLAB in PC after every operation.
In practice, the hall sensor and magnetic sensor are mounted to point in the same direction. Every time hall sensor points to downward and get close to magnet it will produce a pulse which could be the reference of pulse produced by control unit for the tracking loop enables the system to produce a pulse every time the magnetic sensor points to downward. That is the way how this experiment verifies the accuracy of roll angle measurement.

1.
Clear the data in storage unit and initialize the magnetic and attitude information in controller. Start the storage unit.
2.
Install the fake projectile in the rotary table and make sure that the magnetic sensor and hall sensor are pointing in the same direction. Turn on the integrated circuit and tracking loop. 3.
Set a proper speed through inverter in advance. Turn on the motor and, simultaneously, record the time of rotary table starting to work as beginning time of experiment. 4.
After motor working for a period of time, stop the motor and the acquisition of magnetic signals, as well as record the stop time. Read the data in PC from storage module through serial port. 5.
Repeat the steps above and conduct another several groups of experiments. 6.
Analyze the data and results. Follow the steps in last section and optimize parameters of tracking loop through the way described in chapter 3 and results of experiments are as follows. Figure 21 shows the results of group 1 described in Table 4 . (a) presents B Z , the output of magnetic sensor in rotation. The start time is the 40th second and end time is the 220th second. (c) is part of figure (b), and they compare the pulses produced by hall sensor and controller, which is utilized to analyze phase error. Pulses produced by hall sensor are applied to figure out the actual rotational speed which also provides reference to the speed figured out from controller by tracking loop designed.
Results and Analysis
Figure (d) shows the speed figured out from controller and it is compared with speed figured from hall sensor and error analysis is shown in figure (e). It indicates that tracking loop designed is able to track the speed accurately and stably for the SD is 0.0469 • .
Error analysis of phase is shown in figure (e). It indicates that the system designed presents a steady performance that SD is 1.9285 • .
Similarly, Figures 22 and 23 show the results of group 2 and group 3, respectively. Yaw angles in group 1, group 2, and group 3 are different, thus the digital amplitude varies in each group. The results are shown in Table 5 . Table 4 describes the initialization of magnetic and attitude information of every group of experiment. Magnetic information of each group is the same for they are conducted at the same place. Yaw angle is adjusted through rotary table to change the attitude of fake projectile to change experimental conditions. Speed is set by inverter and it is a nominal value. Follow the steps in last section and optimize parameters of tracking loop through the way described in chapter 3 and results of experiments are as follows. Figure 21 shows the results of group 1 described in Table 4 . Error analysis of phase is shown in figure (e). It indicates that the system designed presents a steady performance that SD is 1.9285°.
Similarly, Figures 22 and 23 show the results of group 2 and group 3, respectively. Yaw angles in group 1, group 2, and group 3 are different, thus the digital amplitude varies in each group. The results are shown in Table 5 . Table 5 indicates that the tracking loop is able to track both phase and speed accurately and stably. SD of phase error is no more than 3 • , which could reach the requirements of control and guidance module in course correction technology. Table 5 indicates that the tracking loop is able to track both phase and speed accurately and stably. SD of phase error is no more than 3°, which could reach the requirements of control and guidance module in course correction technology.
Conclusions
Real-time estimation of roll angle of spinning projectile based on phase-lock on signals from single-axis magnetometer is proposed and verified. This technology is based on information, position, velocity, yaw, and pitch from GPS receiver (or other sensors). Unlike the conventional measurement by inverse trigonometric operation based on amplitude of multiple outputs, single-axis magnetic sensor enables this system to measure rolling information without compensation based on a second-order frequency-locked loop (FLL) assisted third-order phase-locked loop (PLL).
A mathematical model based on coordinate transformation of the local North-East-Down (NED) coordinate system and body coordinate system was set up to analyze the relationship between roll angle and magnetic signal. There is a difference (compensation angle) between roll angle and phase information of magnetic signal detected. And obtaining the phase information and compensation angle is the key to figure out roll angle. 
A mathematical model based on coordinate transformation of the local North-East-Down (NED) coordinate system and body coordinate system was set up to analyze the relationship between roll angle and magnetic signal. There is a difference (compensation angle) between roll angle and phase information of magnetic signal detected. And obtaining the phase information and compensation angle is the key to figure out roll angle.
According to the practice, the spinning projectile rotates in the form of acceleration function, a second-order FLL-assisted third-order PLL is selected to track the phase information. Parameters of tracking loop depends on the frequency of input and are discussed to optimize system to keep excellent transient performance as well as accurate in different speed situation. A 6-DoF trajectory is given to verify the tracking system designed and results show an outstanding tracking performance in both phase (error less than 3 • ) and speed (error less than 0.1 Hz).
Generally, error of roll angle measurement is required by guidance and control module. To eliminate the measurement error from tracking loop, the selection of parameters of noise bandwidth and integration time should meet the requirement that 3-sigma jitter is no more than one fourth of the pull-in range of discriminator. In the range of howitzer (~30 km), the change of declination and inclination has little effect on the compensation angle (deviation mostly keeps within 0.15 • ) and if necessary, the geomagnetic information should be stored in advance and exported to the tracking system to figure out compensation angle timely. Some filtering measurements should be taken to deal with attitude information from GPS receivers and error of yaw and pitch should be less than 5 • so that SD of deviation of compensation angle mostly keeps within 6 • . A magnetic sensor with a high resolution helps to eliminate error from blind area and the period of blind area would not last too long for attitude keeps changing in flight.
Experiments on rotary table are carried out to verify the proposed method. In the circumstance of nominal speed 5 Hz and attitude changed, the tracking loop is able to track both phase and speed accurately and stably. The mean of phase error is within 2.4 • and SD of phase error is no more than 3 • .
Profound research, such as improving accuracy and experiments with higher speed and changing attitude, will be conducted. 
